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(54) System and method for adjusting communications over signal lines

(57) A method and apparatus are provided for the
automated calibration of I/O over a multi-variable eye
window. A transmitter conducts data transmissions to a
receiver of an integrated circuit (IC) over a plurality of
signal lines. The data transmissions are conducted ac-
cording to certain parameters or sets of parameters,
which may include voltage levels at which signals are
transmitted or timing delays. The receiver determines

whether the correct data value was received over each
signal line. The results are recorded in a storage mech-
anism in the same IC as the receiver. The storage mech-
anism may, for each signal line, store a pass/fail result
corresponding to the particular parameters for the data
transmission. The system selects the parameters with
which subsequent transmissions are to be conducted
over each of the plurality of signal lines from the storage
mechanism.
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Description

Field of the Invention

[0001] This invention relates to electronic systems,
and generally to the optimization and margin character-
ization of signal lines.

Background of the Invention

[0002] In the design and operation of high-speed dig-
ital systems, such as computer systems, skew occurring
on signal lines is one important consideration. Skew
may be defined as timing differences between signals
due to various propagation delays. In order for data to
be received at the correct value, it must be latched into
a receiver at a certain time, at a certain voltage level.
One timing difference of critical importance in digital sys-
tems is the timing difference that may exist between
clock signals and data signals. These timing differences
may occur for a number of reasons, such as varying sig-
nal line lengths, electrical characteristics of individual
signal lines, and so on.
[0003] Figure 1 is a drawing of an exemplary printed
circuit board (PCB) having two integrated circuits (IC)
coupled by a plurality of signal lines. PCB 5 includes IC's
10A and 10B. IC's 10A and 10A include data ports 12A
and 12B, respectively. Data ports 12A and 12B are cou-
pled to each other by a plurality of signal lines 15. Due
to space limitations, signal lines 15 must be routed in
the manner shown in the drawing. Due to this routing,
some of signal lines 15 are significantly longer than oth-
ers. Signals traveling along the longer signal lines may
take longer to travel between the two data ports. In some
cases, data transfers between the two ports may be re-
quired to be performed in parallel. Thus, the receiving
data port must latch the data from all lines simultane-
ously. Thus, since the data must be latched simultane-
ously, the timing differences between the various signal
lines becomes critical.
[0004] Calibrating I/O lines may include tuning volt-
age levels and timing delays so that a signal is sampled
within an enclosed area of an eye pattern. An exemplary
eye pattern is shown in Figure 2. The eye pattern may
be plotted as an area on a graph of voltage vs. time (set-
up time, hold time), with voltage on the vertical axis and
time on the horizontal axis. The contiguous enclosed re-
gions within the lines may represent the area in which
data may be accurately latched into a receiver. Ideally,
signal sampling will occur in the middle of the eye pat-
tern, at a point where both the voltage level and the set-
up/hold time allow for a large margin of operation for
these parameters. Optimizing the reception of such sig-
nal transmissions may include tuning the voltage offset
levels and tuning delay times as to ensure that the signal
arrives at the receiver at a voltage level of sufficient
magnitude. Optimizing the reception may also include
adjusting a timing delay for sampling the signal in order

to ensure that the setup and hold times are sufficient to
properly receive the data. This may be performed for
clock synchronous or source synchronous systems, but
may have a greater impact on source synchronous sys-
tems, which typically operate at higher clock frequen-
cies and with smaller margins of operation.
[0005] Sampling at points other than the middle of the
eye pattern may reduce the margin of operation for ei-
ther the voltage or setup/hold time. For example, if the
voltage at which the signal is sampled is at a level that
is above the midpoint, the margin of operation of the de-
lay time may be less. Similarly, if a signal is sampled at
a setup/hold time that is at a point other than the mid-
point, the margin of operation of the voltage may be less.
Furthermore, changing the voltage levels may affect the
setup/hold times, and changes to the setup/hold times
may affect the voltage levels. Thus, tuning both the volt-
age levels and delay times may involve the balancing of
potentially conflicting requirements.
[0006] The calibrating of I/O lines may often times be
performed during the design verification phase for an
electronic system. This may involve a manual process
of setting the voltage and timing delays for signal trans-
missions that occur in the system. Typically, these pa-
rameters, once set, do not change throughout the oper-
ating life of the system. Thus, changes in the operating
conditions of the system may result in lower margins of
operation for the voltage levels and/or the timing delays.

Summary of the Invention

[0007] A method and apparatus are provided, as set
out in the appended claims, which may be used in the
automated calibration of I/O over a multi-variable eye
window. In one embodiment, a transmitter conducts da-
ta transmissions to a receiver over a plurality of signal
lines. The transmitter and the receiver may be part of a
single integrated circuit (with the transmitter and receiv-
er coupled by signal lines which loop back), or may be
located on separate integrated circuits. In some embod-
iments, either the transmitter or the receiver may be part
of a test system.
[0008] In one embodiment, the data transmissions
are conducted according to a certain set or sets of pa-
rameters that include voltage levels at which signals are
transmitted (i.e. a voltage level for a logic one and a sec-
ond voltage level for a logic zero), voltage threshold lev-
els for which received signals are recognized as a logic
one or logic zero, and timing delays. The receiver re-
ceives the data transmissions, and latches in the trans-
mitted data according to the set parameters. After re-
ceiving the data, the receiver determines whether the
correct data value or sequence of patterns was received
over each signal line. The results of this determination
are recorded in a storage mechanism, such as a table
of entries stored within the IC in which the receiver is
located. The table stores, for each signal line, a pass/
fail result corresponding to the particular parameters un-
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der which the data transmission occurred. The table
may comprise a plurality of entries of pass/fail results
corresponding to data transmissions over individual sig-
nal lines. The system selects the parameters with which
subsequent data transmissions are to be conducted
over each of the plurality of signal lines from the table.
[0009] In one embodiment, the system is configured
to select a particular set of parameters for each signal
line over which data is to be transmitted. The set of pa-
rameters for a given signal line may then differ from the
parameters selected for other signal lines. As previously
noted, the set of parameters may include voltage levels
for each data value (e.g. logic zero and logic one) and
may also include a delay time. The voltage levels may
be set by an adjustable voltage source in the transmitter,
which includes separate voltage levels for each signal
line in this embodiment. Alternatively, logic voltage off-
set (or threshold) levels (i.e. those levels for which the
receiver recognizes a signal to be a logic 0 or logic 1)
may be adjusted by the receiver. The delay time may
also be adjusted by the receiver, or in some embodi-
ments, the transmitter. Thus, it may be possible to adjust
both the voltage level and the delay time for each indi-
vidual signal line (at either the receiver or transmitter,
depending upon the embodiment) in order to get the
sampling point at or near the middle of the eye pattern.
[0010] In another embodiment, some parameters
may be adjusted for a group of lines. For example, a
transmitter may include only one adjustable voltage
source for a group of signal lines. Thus, the voltage is
adjusted for each of the signal lines associated with the
transmitter simultaneously in order to provide the volt-
age setting that gives the best margin for these signal
lines. Similarly, a receiver may be configured to adjust
voltage threshold levels for each of its signal lines indi-
vidually, or may adjust all of its associated signal lines
simultaneously. In such embodiments, the system
chooses a set or sets of parameters from the table
(stored in the same IC as the receiver) that allows sig-
nals to be sampled for all lines such that all signals are
sampled within the eye pattern. In some cases, if the
group of signal lines are of equal lengths, or if the delay
time is such that a receiver may sample signals from
each signal line associated with it within the eye pattern,
a parameter set common to all lines may be chosen. In
such cases, the voltage levels and the delay time are
common for all signal lines associated with the respec-
tive transmitter and receiver. Parameters may also be
adjusted at a chip level for some embodiments. Optimi-
zation may be performed based on worst case scenar-
ios to provide the best possible margin across a set of
signals that share a common parameter.
[0011] As previously noted, the table of entries or oth-
er type of data structure may be stored in the IC in which
the receiver is located, and may include transmission or
reception parameters for each of the signal lines asso-
ciated with the receiver. In other embodiments, the table
of entries is stored in the IC in which the transmitter is

located. In one embodiment, the table includes a plural-
ity of rows and columns, where each row and each col-
umn represents a parameter. Each table may corre-
spond to a single signal line, although storage mecha-
nisms having other types of data structures may also be
used. At each row-column intersection, a pass indicator
is present, indicating whether or not the receiver asso-
ciated with the particular signal line (represented by the
table) is able to correctly read the data value or se-
quence of patterns for the particular set of parameters
(represented by the rows and columns of the table). In
some embodiments, the table may be compressed
down in size to include only those entries for which a
passing result was obtained. The table may be further
compressed to include only results for the beginning and
end of the largest range of passing results.
[0012] In various embodiments, the data structure
may be multi-dimensional. For example, a table may in-
clude columns corresponding to voltage levels, rows
corresponding to delay times, and a third dimension that
corresponds to a third parameter, such as termination.
Thus, each element of the data structure may corre-
spond to a voltage level and a delay time for a given
signal line. It should be noted that additional parameters
may also be included (as will be discussed below), and
thus the data structure may include any number of di-
mensions. The data structure may take on any shape or
organization (e.g. a cube, etc.) as necessary. As with
the table, such a data structure may be compressed in
size. The use of a multi-dimensional data structure may
help optimization among a larger number of variables.
[0013] Parameters may be selected from the table us-
ing one of several different search algorithms available.
Such search algorithms include, but are not limited to,
linear or binary searches, searches based on first pass
and first fail after pass (FP/FFAP), or largest margin of
operation for one or more parameters.
[0014] Thus, in various embodiments, the system and
method for automated calibration of I/O over a multi-var-
iable eye window may allow signal lines for a receiver
to be calibrated so that signal sampling occurs within
the parameters defining an eye window. The calibration
may be automatically performed at various times (such
as system start-up), and may be re-performed if neces-
sary. A table associated with the receiver may allow for
the system to selectively calibrate each signal line indi-
vidually, or calibrate groups of signal lines relative to one
or more parameters.

Brief Description of the Drawings

[0015] Various preferred embodiments of the inven-
tion will now be described in detail by way of example
only, with reference to the following drawings:

Figure 1 is a drawing of an exemplary printed circuit
board having two integrated circuits (IC's) coupled
by a plurality of signal lines;
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Figure 2 is a drawing illustrating an exemplary eye
pattern;
Figure 3 is a drawing of one embodiment of a print-
ed circuit board having two IC's, wherein the second
IC includes a table;
Figure 4 is a drawing of one embodiment of a table
such as included in Figure 3, configured to store test
results for signal transmissions; and
Figure 5 is a flowchart of a method in accordance
with one embodiment of the present invention for
the automated calibration of I/O lines.

Detailed Description

[0016] Turning now to Figure 3, a drawing of one em-
bodiment of a printed circuit board having two IC's,
wherein the second IC includes a table is shown. PCB
5 includes a first IC 10A and a second IC 10B, coupled
by a plurality of signal lines 15. The embodiment shown
includes 10 signal lines, 15A through 15J, which provide
electrical coupling between IC 10A and IC 10B through
transmit port 12A and receiver port 12B. The embodi-
ment shown is a source synchronous I/O system, and
thus clock line 15-CLK is used to provide a clock signal
for synchronizing data transmissions. (It will be appre-
ciated that a range of timing mechanisms may be used
in other embodiments, which are not necessarily all
source synchronous).
[0017] In the embodiment of Figure 3, transmitter 12A
generates a clock signal which is received by receiver
12B, which latches data received over the signal lines
on one of the clock edges. Other communications links,
such as communications link 22 are present and allow
second IC 10B to send information to first IC 10A. Com-
munications link 22 may include one or more signal
lines.
[0018] First IC 10A also includes a control unit 14A,
and second IC 10B includes control unit 14B. Control
units 14A and 14B provide control functions to transmit-
ter 12A and receiver 12B, respectively, and may be uti-
lized in determining and setting the parameters for com-
munications between the two IC's. In an alternative em-
bodiment, a third device known as a service processor
is present. The service processor reads information
from first IC 10A and/or second IC 10B, and may also
adjust parameters for these devices.
[0019] First IC 10A is configured to transmit data to
second IC 10B through transmitter 12A. In the embodi-
ment of Figure 3, transmitter 12A is a source synchro-
nous transmitter, and generates a clock signal, which is
conveyed to second IC 10B via clock line 15-CLK.
Transmitter 12A in the embodiment shown is coupled to
signal lines 15A through 15J, and conducts data trans-
missions over these lines.
[0020] Transmitter 12A may include one or more ad-
justable voltage sources. In one particular embodiment,
transmitter 12A includes a separate adjustable voltage
source for each signal line. In another embodiment, a

single adjustable voltage source is common to all signal
lines associated with the transmitter 12A. The adjusta-
ble voltage sources are configured to control the voltage
levels at which data signals are transmitted from trans-
mitter 12A, for example, by setting voltage levels for log-
ic one signals and logic zero signals. If necessary, the
voltage levels for the data signals may be adjusted in
order to ensure that the data signals are sampled within
the parameters defining an eye pattern. In one embod-
iment, control unit 14A is utilized to set the voltage levels
for the data signals based on information received from
second IC 10B through communications link 22. Control
unit 14A may also be utilized to set the voltage levels of
various parameter sets when conducting transmissions,
in order to determine the optimal parameters or sets of
parameters for conducting subsequent data transmis-
sions. Furthermore, other parameters (e.g. delay shift-
ing) may be set or adjusted at transmitter 12A.
[0021] Second IC 10B includes receiver 12B, which
is configured to receive data transmissions from trans-
mitter 12A of first IC 10A via signal lines 15A through
15J. In the embodiment shown, receiver 12B is a source
synchronous receiver, and thus is configured to receive
a clock signal transmitted over clock line 15-CLK. This
clock signal is used to synchronize the latching of re-
ceived data transmissions. Receiver 12B may also be
configured to adjust timing delays for receiving signals.
For example, if receiver 12B is receiving data in parallel
over signal lines 15A - 15J, it may delay the latching of
signals received on one or more of the shorter signal
lines (15A, 15B, etc.) in order to ensure that the signals
are all latched simultaneously. Thus receiver 12B may
include at least one digital locked loop (DLL), which may
be configured to adjust a phase shift for each signal line.
Alternatively, receiver 12B may include an analog phase
locked loop (PLL) instead of the DLL. In one embodi-
ment, receiver 12B includes a separate DLL for each
signal line, while other embodiments include a single
DLL configured to adjust the timing delay for a plurality
of signal lines. In embodiments utilizing a single DLL for
multiple signal lines, the DLL may be configured to ad-
just the phase shift (and thus the time delay) on an in-
dividual basis for each associated signal line. By adjust-
ing the delay time, the DLL of receiver 12B helps to en-
sure that the setup time and hold time are sufficient to
enable data transmissions to be sampled within the pa-
rameters that define the eye pattern.
[0022] PCB 5 may be configured to perform automat-
ed calibration of signal lines 15. To perform the calibra-
tion, data transmissions are conducted between first IC
10A and second IC 10B according to a set of parame-
ters, including voltage levels and time delays. First IC
10A transmits data through transmitter 12A according
to parameters including voltage levels for logic 1's and
0's. Second IC 10B is configured to receive data accord-
ing to parameters including a timing delay and a refer-
ence voltage.
[0023] During the calibration, first IC 10A transmits a
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plurality of test vectors for each set of parameters, en-
suring that receiver 12B is required to sample a plurality
of logic 1's and logic 0's. Second IC 10B latches data in
through receiver 12B for each test vector transmitted,
and keeps track of the results, including determining
whether receiver 12B reads the correct data values on
each signal line. Control unit 14B can then be used to
perform comparison functions for the received data. In
one embodiment, the test vectors and order of transmis-
sion are stored or generated in second IC 10B. It should
be noted that test vectors may also be calculated by in-
voking a built-in self-test or other method, which could
then eliminate the need for test vector storage.
[0024] Control unit 14B compares the latched data
from each data transmission received from first IC 10A
with the expected results defined by the stored or gen-
erated test vectors. Control unit 14B then also writes
pass/fail results and other information into table 20, and
may be further utilized to adjust the delay time or other
receiver parameters for subsequent transmissions of
test vectors and normal data transmissions.
[0025] In order for data to be latched into receiver 12B
at the correct logic value, it must be latched in with the
scope of parameters that define the eye pattern. Upon
completion of the data transmissions according to the
set of parameters, second IC 10B records the results for
each signal line in a table 20 (or other data structure),
as noted above. At least a pass/fail status for each signal
line and the parameter set is recorded in table 20. In the
embodiment shown, table 20 corresponds to signal line
15A, and includes test results for various voltage thresh-
old and delay time settings. Test results are stored for
each of the remaining signal lines in additional ones of
table 20, wherein each signal line has its own corre-
sponding table. Various embodiments of table 20 will be
discussed in further detail below.
[0026] After conducting transmissions according to a
first set of parameters, the process may be repeated for
a second set of parameters. The second set of param-
eters may include different voltage levels and/or differ-
ent timing delays. Again, a plurality of test vectors are
transmitted through transmitter 12A, and are then re-
ceived by receiver 12B. After completing the data trans-
missions, the results may again be recorded in table 20
for each signal line, along with the corresponding set of
parameters under which the transmissions occurred.
The process may then be repeated for as many different
parameters or parameter sets as necessary.
[0027] Based on the results obtained from conducting
transmissions according to a number of parameter sets,
second IC 10B (or a service processor in some embod-
iments) selects a parameter set or sets for which trans-
missions are to be conducted during normal operations.
Selection of the parameter set or sets may be based in
part on the configuration of both transmitter 12A and re-
ceiver 12B. For example, if transmitter 12A includes only
one adjustable voltage source for the plurality of signal
lines, then the same logic voltage levels will be selected

for each line. Conversely, if transmitter 12A includes
separate adjustable voltage sources for each signal line,
logic voltage levels which provide the most margin of
operation within the eye pattern may be selected for
each individual signal line. Similarly, if the DLL configu-
ration of receiver 12B permits, time delays may be indi-
vidually selected for each signal line 15 in order to pro-
vide sufficient margin of operation for setup time and
hold time.
[0028] Second IC 10B may provide information to first
IC 10A through communications link 22 for parameters
controlled or set by first IC 10A (e.g. voltage levels). Al-
ternatively, the parameters may be controlled or set by
a service processor or external master chip that is sep-
arate from first IC 10A and second IC 10B. In general,
parameters may be controlled and selected by a receiv-
er, a transmitter, or a service processor, or various com-
binations of these elements may be used to control and
select parameters.
[0029] In some cases, it may be necessary to re-cal-
ibrate signal lines 15. In such cases, PCB 5 is configured
to allow the calibration procedure to be rerun. In various
embodiments, the calibration procedure may be rerun
during a system startup or initialization routine, or may
be run in conjunction with a BIST (built-in self-test). In
general, the automated calibration routine is run at any
time necessary in order to ensure the integrity of data
received over one or more signal lines. Furthermore,
some embodiments may allow for the tracking of a
change history for the margins of operation for each sig-
nal line. Tracking the changes in margin of operation
over time for each signal line then allows for predictions
of future performance or pending failure of a device as-
sociated with those signal lines for which tracking is per-
formed.
[0030] It should be noted that PCB 5 may include in-
tegrated circuits other than those shown here, and thus
both first IC 10A and second IC 10B may include further
transmitters and receivers. Thus each IC on PCB 5 may
include a number of transmitters and receivers, enabling
communications between the various IC's mounted on
PCB 5. Tables such as table 20, or other storage mech-
anisms, may then be implemented in any IC that is con-
figured for automated calibration. Multiple tables (or oth-
er types of data structures which comprise the storage
mechanism), each corresponding to a communications
port, may be implemented for IC's having multiple com-
munications ports, while in some other embodiments, a
single table may be configured to store information for
more than one communications port. Some IC's may in-
clude communications ports that are configured for both
transmitting and receiving data. It should also be noted
that, while the embodiments shown here are configured
for source synchronous I/O, other embodiments that do
not use source synchronous I/O are contemplated. For
example, the voltage threshold setting may be adjusted
for two or more devices synchronized to a single clock.
Changing the voltage threshold setting in such a system
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may then affect the margin of operation for each of the
two or more devices synchronized to the single clock.
[0031] Moving now to Figure 4, a drawing of one em-
bodiment of a table configured to store test results for
signal transmissions is shown. In the embodiment
shown, table 20 stores test results for a single signal line
(signal line A), although in other embodiments, types of
data structures other than a table are possible. Table 20
includes columns (T1 - T10) corresponding to a first pa-
rameter (e.g. delay time). Table 20 also includes a plu-
rality of rows (rows V1-V11 in this example), wherein
each of the rows corresponds to a second parameter (e.
g. voltage threshold). Table 20 may also be a multi-di-
mensional data structure for three or more parameters.
There is no theoretical limit to the number of dimensions
in table 20, and the size of table 20 may be adjusted
depending upon the particular implementation.
[0032] Each parameter set for which rows, columns,
or additional dimensions are implemented may include
voltage levels for signal transmissions, time delays, and
other parameters, as discussed above. Other parame-
ters in addition to the voltage threshold levels and time
delays may include termination (i.e. resistance of termi-
nating resistors), signal drive strength, and pre-empha-
sis (strength pre-emphasis or delay pre-emphasis) or
other signal shaping approaches.
[0033] Table 20 includes a plurality of cells at each
row-column intersection. Each cell includes information
on the performance of signal transmissions over the cor-
responding signal line for the corresponding parameter
set. In the embodiment shown, some cells include pass
information, indicating the signal line passed the partic-
ular test for the parameter set represented by the row
column intersection. A signal line may be considered to
pass a test for a particular set of parameters if it suc-
cessfully reads the correct data value for each data val-
ue transmitted over that line during the transmission of
test vectors (or, in some embodiments, if the bit error
rate is acceptable).
[0034] During the calibration procedure, signal lines
may be tested by transmitting a number of test vectors
from first IC 10A to second IC 10B, where each test vec-
tor includes a plurality of logic 1's and logic 0's to be
transmitted over each signal line during each test. If a
receiver 12B reads the correct logic value for each trans-
mission over a given signal line (or reads data values
within an acceptable bit error rate), the signal line may
be considered to have passed the test for the parameter
set, and thus a pass indication may be written into the
corresponding cell.
[0035] In some embodiments, a fail indication may be
written into the cell if the corresponding signal line does
not pass a test for a particular parameter set. In other
embodiments, such as that shown, the mere absence
of a pass indication may be used to indicate that the cor-
responding signal line did not pass a test for the partic-
ular parameter set.
[0036] In other embodiments, only passing results are

kept. In such embodiments, the table or other storage
mechanism may be compressed in size. For example,
in one embodiment, a table may be compressed to in-
clude all passing results, but no failing results. In another
embodiment, the table may be compressed to include
only passing results that have a certain margin of oper-
ation for one or more of the parameters (e.g. the table
may be compressed to include the largest contiguous
range of passes for one or more of the parameters).
[0037] In embodiments where the table is com-
pressed to store only a range of passes, it may be pos-
sible to compress the table further, storing only those
parameters which represent the starting and ending
points for the range of passes without storing any of the
intermediate values. The starting and ending points may
be represented respectively by a first passing result
within a range and the first failing result subsequent to
the first passing result. (The ending point may also be
represented by the last passing result in the range).
[0038] After results have been recorded for each sig-
nal line and parameter set, selection of a particular pa-
rameter set is performed for each signal line. The selec-
tion of parameter sets for signal lines is based on factors
such as the physical configuration of the signal lines, the
transmitter, and the receiver. For example, on the trans-
mitter side, if a plurality of signal lines is associated with
a single adjustable voltage source, the voltage levels for
the data signals to be transmitted will be set to the same
level for each of the associated signal lines. Conversely,
if each signal line is associated with a separate adjust-
able voltage source, the voltage levels for data signals
transmitted over each of the signal lines may be adjust-
ed separately, allowing a greater degree of control. In
general, some embodiments may allow for the selection
of parameters for each signal line individually, while
some embodiments may allow for the selection of pa-
rameters for groups of signal lines.
[0039] On the receiver side, the time delays may be
adjusted on an individual basis for each signal line in
some embodiments, or may be adjusted for all signal
lines on a group basis in others. In one embodiment, a
separate DLL (or PLL) may be dedicated to each indi-
vidual signal line, and thus the time delay for that signal
line may be adjusted for its associated signal line without
affecting the other signal lines. In other embodiments,
a single DLL may be associated with a group of signal
lines, and thus adjusts the timing delay for each signal
line simultaneously. In some embodiments, it may also
be possible to adjust the timing delays on the transmitter
side.
[0040] Various selection algorithms may be used to
determine the parameters used for transmissions
across each signal line. In one embodiment, selection
algorithms are executed by control unit 14B. One selec-
tion algorithm may include scanning rows or columns in
a table associated with a particular signal line. The row
or column is scanned to ascertain the first passing set
of parameters for the associated signal line, and the first
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failing set that occurs after encountering the first passing
set. A point at or near the midway point between the first
pass and first fail after pass may be selected for the pa-
rameter set for subsequent transmissions over that par-
ticular signal line. However, the algorithm should also
ensure that any other transmission parameters meet at
least minimum margin requirements.
[0041] Some selection algorithms may prioritize one
parameter over another in making a selection for sub-
sequent transmission. For example, voltage may be pri-
oritized as a parameter over delay time (or clock-to-data
skew) in order to ensure an optimal amount of operating
margin for voltage, while ensuring that at least a mini-
mum margin is met for delay time. In another example,
delay time may be prioritized over voltage in order to
ensure an optimal margin for delay time, while ensuring
that at least a minimum margin is met for voltage.
[0042] Additional information may be considered
when selecting parameter sets for signal lines. Some
algorithms may consider information concerning margin
of operation in choosing a parameter set. For example,
if choosing between parameter set 5 or parameter set
6 for signal line G, the selection algorithm may select
the parameter set having the larger margin of operation
for a given parameter. In another example where a com-
mon parameter set is chosen for the group of signal lines
of Figure 4, an average margin of operation may be
computed for one or more parameters for the plurality
of signal lines. The parameter set chosen may be that
which has the greatest average margin of operation.
[0043] In some cases, a given signal line may not
pass for any parameter set. This may be an indication
of a broken signal line or a faulty transmitter or receiver.
This information may be provided to a user for trouble-
shooting purposes.
[0044] Table 20 (or other data structures) may be
stored in memory circuitry within an IC. Types of mem-
ory circuitry in which table 20 may be stored include
DRAM, SRAM, registers, and flash memory.
[0045] Turning now to Figure 5, a flowchart for one
embodiment of a method for the automated calibration
of I/O lines is shown. Method 50 begins with the setting
of voltage levels or voltage threshold levels (Operation
52). In some embodiments, voltage threshold levels
may be set by a receiver, such as receiver 12B of Figure
3. The voltage threshold levels typically include the min-
imum voltage level for which the receiver will recognize
a data bit to be a logic high (or logic 1) and the maximum
voltage level for which the receiver will recognize a logic
low (or logic 0). In some embodiments, the receiver may
be able to adjust the voltage threshold levels individually
for each line, while in other embodiments, the receiver
may adjust the voltage threshold levels for a plurality of
signal lines. Some embodiments may allow for the set-
ting of voltage transmission levels at the transmitter (in-
cluding settings for transmissions with pre-emphasis) by
an adjustable voltage source.
[0046] In Operation 54, skew between the clock sig-

nals and data signals is adjusted by a receiver, such as
receiver 12B of Figure 3, which is coupled to the trans-
mitter by a plurality of signal lines. The receiver (or, in
some embodiments, the transmitter) may be able to ad-
just the skew between the clock and data signals indi-
vidually for each of its associated signal lines, or may
adjust skew for a plurality of signal lines. The adjustment
of the skew can be used to determine a point in time
within a clock cycle when signals are sampled by the
receiver. The skew may also determine the margins of
operation for setup time and hold time for the sampled
signals. In one embodiment, the skew may be adjusted
by one or more DLL circuits (or PLL circuits) associated
with the receiver, whereby the skew is adjusted by ad-
justing timing delays within the DLL. Timing delays may
be adjusted by time-shifting the clock signals, the data
signals, or both.
[0047] With the voltage levels and skew set, the trans-
mitter begins transmitting data to the receiver (Opera-
tion 56). The transmitted data typically comprise test
vectors. A plurality of test vectors may be transmitted by
the transmitter, to allow the receiver to sample a number
of logic 1's and logic 0's. For each test vector transmitted
by the transmitter and received by the receiver, a control
unit or other circuitry in the IC of the receiver keeps track
of whether or not correct data values are latched into
the receiver.
[0048] After completing the transmission of the test
vectors for the particular voltage levels and delay times,
pass/fail information is recorded in a table or other stor-
age mechanism (Operation 58). The pass/fail informa-
tion may then be used to select parameters for subse-
quent data transmissions. The selection may be made
for individual circuit lines, or for a plurality of circuit lines.
[0049] In Operation 60, a determination is made as to
whether more transmissions of test vectors are to be
made. If it is desired to test and or calibrate the circuitry
according to additional transmission and reception pa-
rameters, additional transmissions may be made, and
thus the method may return to Operation 52.
[0050] If no additional transmissions are to be made,
the method then performs a selection algorithm in order
to select the various parameters for which data trans-
missions are to be conducted under normal operations
(Operation 62). Various selection algorithms may be
used to select parameters for transmissions, and may
depend upon the configuration of the devices involved.
Some embodiments may allow for the adjusting of pa-
rameters for each signal line individually. For example,
the table of Figure 4 may include test results for a signal
line which may be individually tuned. If the parameters
to be adjusted are voltage and delay time, a selection
algorithm may select either voltage V5 or V6, and either
delay time T4 or T5 to provide the maximum amount of
operating margin for both of these parameters. The se-
lection of these parameters allows for signals to be sam-
pled at or near the center of the eye pattern, and pro-
vides a large margin of operation.
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[0051] In other embodiments, parameters are adjust-
ed for a group of signal lines. In such embodiments, pa-
rameters may be prioritized to allow for larger margins
of operation for the prioritized parameter, while meeting
at least minimum requirements for the remaining param-
eters.
[0052] Parameters may be selected from the tables
or other data structures using one of several different
search algorithms available to the system. Such search
algorithms include, but are not limited to, linear or binary
searches, searches based on first pass and first fail after
pass (FP/FFAP), or largest margin of operation for one
or more parameters.
[0053] It should be noted that while the various em-
bodiments of the system and the method described
above include a first IC (having a transmitter) and a sec-
ond IC (having a receiver), embodiments are also con-
templated having only a single IC. Such a single IC em-
bodiment may include both a transmitter and a receiver,
and may further include a table such as shown in Figure
4. In this case, the method involves data transmissions
from the transmitter of the IC to the receiver of the IC. It
should also be noted that many IC's may include multi-
ple transmitters and/or receivers. Furthermore, the
method may also be performed by conducting data
transmissions between a chip and automated test
equipment.
[0054] Various other aspects of the invention are also
disclosed in the following numbered clauses:

1. A system comprising:

a transmitter;
a receiver coupled to the transmitter by a plu-
rality of signal lines;
wherein the transmitter is configured to conduct
a plurality of data transmissions over the plu-
rality of signal lines;
wherein the receiver is configured to:

receive the data transmissions and to sam-
ple data into the receiver according to dif-
ferent parameters; and
determine whether a correct data value is
received by the receiver for each data
transmission;

and wherein the system is further configured to:

store data transmission results in a storage
mechanism, wherein the data transmission
results are indicative of whether correct da-
ta values were received for the data trans-
missions; and
select parameters for each of the plurality
of signal lines for subsequent data trans-
missions based on the data transmission
results.

2. The system as recited in clause 1, wherein the
different parameters include different delay times at
which data is sampled by the receiver.

3. The system as recited in clause 1 wherein the
different parameters include different sampling volt-
age threshold levels.

4. The system as recited in clause 1, wherein the
transmitter and the receiver are both embodied in a
single integrated circuit.

5. The system as recited in clause 1, wherein the
transmitter is embodied in a first integrated circuit,
and the receiver is embodied in a second integrated
circuit.

6. The system as recited in clause 1, wherein se-
lecting parameters for each of the plurality of signal
lines includes selecting a unique set of parameters
for each of the plurality of signal lines.

7. The system as recited in clause 1, wherein se-
lecting a set of parameters for each of the plurality
of signal lines includes selecting a common param-
eter for a plurality of signal lines.

8. The system as recited in clause 1, wherein the
different parameters determine a point in an eye
pattern at which a signal is sampled.

9. The system as recited in clause 1, wherein the
delay time determines a margin of operation for set-
up time.

10. The system as recited in clause 1, wherein the
delay time determines a margin of operation for hold
time.

11. The system as recited in clause 1, wherein a
data value is considered correct if the data value is
received in an area defined by the parameters of an
eye pattern.

12. The system as recited in clause 1, wherein the
receiver is configured to provide an indication to the
transmitter of a voltage level for subsequent data
transmissions.

13. The system as recited in clause 1, wherein the
receiver is configured to adjust voltage threshold
levels, wherein the voltage threshold levels deter-
mine a voltage level at which the receiver will rec-
ognize a logic high and a voltage level at which the
receiver will recognize a logic low.

14. The system as recited in clause 1, wherein the
storage mechanism is a table, and wherein the table
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is configured to store transmission results for each
of the plurality of signal lines according to each of
the parameters for which transmissions are con-
ducted.

15. The system as recited in clause 14, wherein the
table is stored in a set of registers coupled to the
receiver.

16. The system as recited in clause 14, wherein the
table is stored in a dynamic random access memory
(DRAM) coupled to the receiver.

17. The system as recited in clause 14, wherein the
table is stored in a static random access memory
(SRAM) coupled to the receiver.

18. The system as recited in clause 1 wherein the
transmitter is a source synchronous transmitter and
the receiver is a source synchronous receiver.

19. The system as recited in clause 18, wherein the
source synchronous transmitter includes a adjust-
able voltage source, wherein the adjustable voltage
source is configured to generate a voltage level at
which signals are to be transmitted over one or
more of the plurality of signal lines.

20. The system as recited in clause 18, wherein the
source synchronous receiver is configured to adjust
a timing delay for each of the plurality of signal lines,
wherein adjusting the timing delay determines a
point in time at which a signal received over one or
more of the plurality of signal lines is sampled.

21. The system as recited in clause 1, wherein the
transmitter and the storage mechanism are located
within the same integrated circuit.

22. The system as recited in clause 1, wherein the
receiver and the storage mechanism are located
within the same integrated circuit.

23. The system as recited in clause 1, wherein the
system includes a service processor, wherein the
service processor is configured to select parame-
ters for each of the plurality of signal lines for sub-
sequent data transmissions based on the data
transmission results.

24. The system as recited in clause 1, wherein the
system includes a plurality of devices, wherein each
of the devices is synchronized to a single clock.

25. The system as recited in clause 24, wherein the
transmitter is located in a first device, and the re-
ceiver is located in a second device.

26. The system as recited in clause 24, wherein the
transmitter and the receiver are both located in a
single device.

27. The system as recited in clause 14, wherein the
table is compressed to store only passing results.

28. The system as recited in clause 14, wherein the
table is compressed to store only starting and end-
ing points for a range of passes.

29. An integrated circuit comprising:

a receiver port, the receiver port coupled to a
plurality of signal lines, wherein the receiver
port is configured to receive data transmissions
over the plurality of signal lines from a transmit-
ter port, wherein the data transmissions include
one or more test vectors;
a storage mechanism, the storage mechanism
configured to store results obtained from the re-
ception of test vectors transmitted by the trans-
mitter port, wherein the results are indicative of
whether a correct data value was received for
test vector; and
a control unit coupled to the receiver and the
storage mechanism, wherein the control unit is
configured to select parameters from the stor-
age mechanism for subsequent data transmis-
sions from the transmitter.

30. The integrated circuit as recited in clause 29,
wherein the parameters include different delay
times at which data is sampled by the receiver port.

31. The integrated circuit as recited in clause 29,
wherein the parameters include different sampling
voltage threshold levels.

32. The integrated circuit as recited in clause 29,
wherein the integrated circuit comprises the trans-
mitter port.

33. The integrated circuit as recited in clause 29,
wherein a remote integrated circuit comprises the
transmitter port.

34. The integrated circuit as recited in clause 29,
wherein the receiver is coupled to the transmitter by
a plurality of signal lines.

35. The integrated circuit as recited in clause 29,
wherein the control unit is configured to select pa-
rameters unique to each signal line for each of the
plurality of signal lines.

36. The integrated circuit as recited in clause 29,
wherein the control unit is configured to select com-
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mon parameters for all of the plurality of signal lines.

37. The integrated circuit as recited in clause 29,
wherein the parameters determine a point within an
eye pattern at which a signal is sampled.

38. The integrated circuit as recited in clause 29,
wherein the storage mechanism is a table, wherein
the table is configured to store transmission results
for each of the plurality of signal lines according to
each of the parameters for which transmissions are
conducted.

39. The integrated circuit as recited in claim 38,
wherein the table is stored in a set of registers.

40. The integrated circuit as recited in claim 38,
wherein the table is stored in a dynamic random ac-
cess memory (DRAM).

41. The integrated circuit as recited in claim 38,
wherein the table is stored in a static random access
memory.

[0055] In conclusion, while the present invention has
been described with reference to particular embodi-
ments, it will be understood that these embodiments are
illustrative only. Accordingly, the skilled person will be
aware of many other potential modifications and adap-
tations that fall within the scope of the claimed invention
and its equivalents.

Claims

1. A method comprising:

performing a plurality of communications be-
tween a transmitter and a receiver according to
different parameters;
determining whether a correct data value is re-
ceived by the receiver for each of the plurality
of communications;
storing data transmission results in a storage
mechanism, wherein the data transmission re-
sults are indicative of whether correct data val-
ues were received for the plurality of communi-
cations; and
selecting designated parameters for each of
the plurality of signal lines for subsequent com-
munications between the transmitter and the
receiver based upon the data transmission re-
sults.

2. The method as recited in claim 1, wherein the dif-
ferent parameters include different delay times at
which data is sampled by the receiver.

3. The method as recited in claim 2, wherein the delay
time determines a margin of operation for setup
time.

4. The method as recited in claim 2, wherein the delay
time determines a margin of operation for hold time.

5. The method as recited in any preceding claim,
wherein the different parameters include different
sampling voltage threshold levels.

6. The method as recited in claim 5, further comprising
the receiver indicating to the transmitter a voltage
level for subsequent communications.

7. The method as recited in claim 5 further comprising
the receiver setting voltage threshold levels, where-
in setting the voltage threshold levels determines a
voltage threshold level for which the receiver will
recognize a logic high and a voltage threshold level
for which the receiver will recognize a logic low.

8. The method as recited in any preceding claim,
wherein the transmitter and receiver are both em-
bodied in a single integrated circuit.

9. The method as recited in any of claims 1 to 7,
wherein the transmitter is embodied in a first inte-
grated circuit, and the receiver is embodied in a sec-
ond integrated circuit.

10. The method as recited in any preceding claim,
wherein said selecting includes selecting a unique
set of parameters for each of the plurality of signal
lines.

11. The method as recited in any of claims 1 to 9,
wherein said selecting includes selecting a com-
mon set of parameters for the all of the plurality of
signal lines.

12. The method as recited in any preceding claim,
wherein the different parameters determine a point
in an eye pattern at which a signal is sampled.

13. The method as recited in claim 12, wherein a data
value is considered correct if the data value is re-
ceived within an area defined by the parameters of
the eye pattern.

14. The method as recited in any preceding claim,
wherein the storage mechanism is a table, wherein
the table is configured to store transmission results
for each of the plurality of signal lines according to
each of the parameters for which transmissions are
conducted.

15. The method as recited in claim 14, wherein the table
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is stored in a set of registers in the second IC.

16. The method as recited in claim 14, wherein the table
is stored in a dynamic random access memory
(DRAM) in the second IC.

17. The method as recited in claim 14, wherein the table
is stored in a static random access memory (SRAM)
in the second IC.

18. The method as recited in any of claims 1 to 14,
wherein a service processor is configured to moni-
tor data transmissions between the transmitter and
the receiver, and wherein the service processor fur-
ther comprises the storage mechanism.

19. The method as recited in any preceding claim,
wherein the transmitter is a source synchronous
transmitter and the receiver is a source synchro-
nous receiver.

20. The method as recited in claim 19 wherein the
source synchronous transmitter includes an adjust-
able voltage source, wherein the adjustable voltage
source is configured to generate a voltage level at
which signals are to be transmitted over one or
more of the plurality of signal lines.

21. The method as recited in claim 19, wherein the
source synchronous receiver is configured to adjust
a timing delay for each of the plurality of signal lines,
wherein adjusting the timing delay determines a
point in time in which a signal received over one or
more of the plurality of signal lines is sampled.

22. A system comprising:

a transmitter;
a receiver coupled to the transmitter by a plu-
rality of signal lines;
wherein the transmitter is configured to conduct
a plurality of data transmissions over the plu-
rality of signal lines;
wherein the receiver is configured to:

receive the data transmissions and to sam-
ple data into the receiver according to dif-
ferent parameters; and
determine whether a correct data value is
received by the receiver for each data
transmission;

and wherein the system is further configured to:

store data transmission results in a storage
mechanism, wherein the data transmission
results are indicative of whether correct da-
ta values were received for the data trans-

missions; and
select parameters for each of the plurality
of signal lines for subsequent data trans-
missions based on the data transmission
results.

23. The system as recited in claim 22, wherein the
transmitter and the storage mechanism are located
within the same integrated circuit.

24. The system as recited in claim 22, wherein the re-
ceiver and the storage mechanism are located with-
in the same integrated circuit.

25. The system as recited in claim 22, wherein the sys-
tem includes a service processor, wherein the serv-
ice processor is configured to select parameters for
each of the plurality of signal lines for subsequent
data transmissions based on the data transmission
results.

26. The system as recited in any of claims 22 to 25,
wherein the system includes a plurality of devices,
wherein each of the devices is synchronized to a
single clock.

27. The system as recited in claim 26, wherein the
transmitter is located in a first device, and the re-
ceiver is located in a second device.

28. The system as recited in claim 26, wherein the
transmitter and the receiver are both located in a
single device.

29. The system as recited in any of claims 22 to 28,
wherein the storage mechanism is a table, and
wherein the table is configured to store transmis-
sion results for each of the plurality of signal lines
according to each of the parameters for which trans-
missions are conducted.

30. The system as recited in claim 29, wherein the table
is compressed to store only passing results.

31. The system as recited in claim 29, wherein the table
is compressed to store only starting and ending
points for a range of passes.

32. An integrated circuit comprising:

a receiver port, the receiver port coupled to a
plurality of signal lines, wherein the receiver
port is configured to receive data transmissions
over the plurality of signal lines from a transmit-
ter port, wherein the data transmissions include
one or more test vectors;
a storage mechanism, the storage mechanism
configured to store results obtained from the re-

19 20



EP 1 300 749 A1

12

5

10

15

20

25

30

35

40

45

50

55

ception of test vectors transmitted by the trans-
mitter port, wherein the results are indicative of
whether a correct data value was received for
test vector; and
a control unit coupled to the receiver and the
storage mechanism, wherein the control unit is
configured to select parameters from the stor-
age mechanism for subsequent data transmis-
sions from the transmitter.

33. The integrated circuit as recited in claim 32, wherein
the integrated circuit comprises the transmitter port.

34. The integrated circuit as recited in claim 32, wherein
a remote integrated circuit comprises the transmit-
ter port.

35. The integrated circuit as recited in claim 32, wherein
the receiver is coupled to the transmitter by a plu-
rality of signal lines.

36. A system for implementing the method of any of
claims 1 to 21.
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